We estimated DNA sequence variation within and between four populations of Drosophila ananassae at Om(1D) and vermilion (v) by using single-strand conformation polymorphism analysis and direct DNA sequencing. Om(1D) is located on the X chromosome in a region with a normal recombination rate; v is in a region of low recombination. In each population, levels of nucleotide diversity at v are reduced 10-to 25-fold relative to those at Om(1D). Divergence between D. ananassae and its sibling species D. pallidosa, however, is comparable for both loci. This lack of correlation between levels of polymorphism and divergence led to the rejection of a constant-rate, neutral model. To distinguish among alternative models, we propose a test of the background selection hypothesis based on the observed pattern of differentiation between populations. Although the degree of differentiation (measured by F ST ) among all pairs of subpopulations is similar at Om(1D), we found substantial differences at v. The two northern populations from Burma and Nepal are very homogeneous, whereas comparisons between northern and southern populations (e.g., between Nepal and middle India) produced large F ST values. A coalescentbased simulation of the background selection model (in a geographically structured species with a finite number of demes) showed that the observed homogeneity among the northern populations is inconsistent with the background selection hypothesis. Instead, it may have been caused by a recent hitchhiking event that was limited to the northern species range.
In the past decade, a number of studies of DNA sequence variation in Drosophila populations have focused on the detection of natural selection at the DNA level by comparing patterns of variation in gene regions of low and high recombination rates. Most of these studies have found that levels of average nucleotide diversity in low-recombination regions are reduced (1, 2) . In contrast, divergence between closely related species is not affected by recombination (3) (4) (5) (6) . This lack of correlation between levels of variation and divergence led to the conclusion that a constant-rate, neutral model (7) is not compatible with the observations and opened the door to the introduction of alternative models that invoke natural selection.
The selection models that have been proposed to account for the reduction in variability in low-recombination regions, and for related phenomena, fall roughly into three categories: (i) the hitchhiking model, which considers the effect of rare, strongly advantageous mutations on linked, neutral polymorphisms (8) (9) (10) , (ii) the background selection model, which, in a dual manner, assumes that the driving mutations are frequent and strongly deleterious (11) (12) (13) , and (iii) models that assume intermediately strong fluctuating or directional selection pressures at linked loci (14, 15) .
These models so far have been tested based on intrapopulational sequence data. However, most attempts to distinguish the proposed selective forces (in particular, genetic hitchhiking and background selection) were of limited success. In this paper, we propose a test of the background selection model using data on variation and differentiation in a spatially structured species. This test is based on the idea that background selection in a geographically subdivided species is expected to increase F ST , a relative measure of genetic differentiation between populations, in gene regions of low recombination because the effective size of local demes is reduced relative to that of high-recombination regions (16) . In contrast, genetic hitchhiking may lead to greater homogeneity among subpopulations if a selected allele causing a hitchhiking event in one deme migrates to other demes and causes a hitchhiking event in these demes as well. In the case of local adaptation (i.e., the selected allele causing the hitchhiking event is locally adapted), however, a hitchhiking event may be restricted to a single deme or part of the species range. As a consequence, genetic differentiation between subpopulations (measured by F ST ) may be large and thus indistinguishable from background selection (17, 18) .
We used D. ananassae to test these ideas. In contrast to other often studied Drosophila species, including D. melanogaster (18) , D. ananassae shows substantial population substructuring. The picture that emerged from analyses of chromosome inversions (19) , isozyme polymorphism (20, 21) , and DNA polymorphism (2, 22) is that D. ananassae exists in many semi-isolated populations. It is largely tropical, but has been found on all continents (23) . Its zoogeographical center is thought to be in Southeast Asia. Relative to our previous restriction fragment length polymorphism (RFLP) studies (2, 17, 24) , which included samples from only two localities in Southeast Asia (Hyderabad, India and Mandalay, Burma), the number of demes was increased to obtain a more complete pattern of genetic differentiation between local populations in Southeast Asia. The gene regions surveyed are the same as in our previous studies: vermilion (v) located on the X chromosome in a region of low recombination, and Om(1D) also located on the X chromosome in a region of intermediate to high recombination (2, 24) . Instead of RFLP analysis, sequence variation was measured by the use of single-strand conformation polymorphism (SSCP) and direct DNA sequencing.
MATERIALS AND METHODS
Strains and DNA Preparation. A total of 45 D. ananassae X chromosome lines that originated from four different collections were used in this survey: nine lines from Mandalay (Burma), 10 lines from Hyderabad (India) (both samples are described in ref.
2), 12 lines from four localities in Nepal (Bharatpur, Godawari, Hetauda, and Kathmandu), and 14 from two localities in Sri Lanka (Beruwala and Colombo). The isofemale lines from Nepal were collected by N. Asada in 1990 and kindly provided by Y. N. Tobari (Kyorin University, Tokyo, Japan); those from Sri Lanka were collected by J. R. David in 1994 and kindly provided by M.-L. Cariou (Centre National de la Recherche Scientifique, Gif͞Yvette, France). The X chromosomes were isolated from wild-caught males by using a compound-X chromosome stock constructed by S. Tanda (University of Maryland, College Park, MD). The v sequence of D. ananassae (STD) was determined from a clone derived from a ca;px strain (2). The D. pallidosa strain was obtained from the National Drosophila Stock Center (Bowling Green, OH) and put through four generations of brother-sister mating. Genomic DNA was purified by using CsCl-Sarkosyl gradients (25) . (26), were from 3689 to 3708 and from 5432 to 5450. The nucleotide sequence was determined for both strands of DNA by using a set of seven oligonucleotide primers spaced approximately every 225 bp, a set of seven oligonucleotide primers that were the reverse complement of the previous set, and the PCR primers. These same primers were used to amplify and sequence D. pallidosa, with the addition of one primer that had to be designed from the D. pallidosa sequence itself. PCR amplification was carried out according to Kirby and Stephan (25) . Sequencing was performed by using an Applied Biosystems automated sequencer (Molecular Genetics Instrumentation Facility at the University of Georgia). The overlapping fragments were assembled by using the GENEJOCKEY computer program (Biosoft, Milltown, NJ). Because of a technical difficulty, a 41-bp segment from coordinates 5027 to 5067 encompassing the end of the first intron and a small fragment of the second exon was not included in the variation study of D. ananassae.
DNA Amplification and Sequencing of Om(1D
DNA Sequencing of vermilion Clone. The v sequence (STD) was determined by using a 12-kb ca;px clone that was in a pBlueScript vector (2) . Sequencing was performed with the dsDNA Cycle Sequencing System according to manufacturer's specifications (Life Technologies, Grand Island, NY). Both DNA strands were sequenced. The total length of the region sequenced was 3,565 bp and included the entire coding region, the entire 5Ј untranslated region, part of the 3Ј untranslated region, and part of the 5Ј flanking region. The exon͞intron structure was determined by comparison with D. melanogaster (27) .
SSCP Analysis and Sequencing of the Wild-Caught vermilion Alleles. SSCP and stratified sequencing were used instead of direct sequencing because of the greater efficiency in regions with low levels of variation (28) . SSCP analysis was run according to the protocol in ref. wild-caught lines, the mobility of variant alleles were retested by rerunning the samples in a different order in which samples with similar mobilities were grouped together. For each primer pair two randomly chosen lines were sequenced for each mobility class (unless there was only one variant available). Sequencing was done as for Om(1D). Sequencing did not reveal any undetected polymorphism, thus we proceeded by assuming all variation was detected. Primers used for the SSCP analysis were used to sequence both v strands of D. pallidosa, with the addition of five primers that had to be designed from the D. pallidosa sequence itself.
A Test of the Background Selection Model. Background selection generates genealogies that are approximately identical to those produced by a neutral model, except that the effective population size under neutrality has to be adjusted such that selection and the recombination rate of the locus under background selection are taken into account (12) . This results in a reduced effective size, N ev , for the locus of interest (e.g., v). The fact that the background selection model predicts slight distortions of the allele frequency spectrum can be neglected because this effect cannot be observed for typical sample sizes (11) . The effect of background selection on neutral variation at this locus in a subdivided species thus can be investigated by simulating a coalescent in a finite island model with k demes (ref. 29, chapter 3.4) in which the recombination rate per locus, R v ϭ 2N ev r, the mutation rate per locus v ϭ 3N ev (or 4N ev for autosomal gene regions), and the migration rate M v ϭ N ev m have been specified (30) . The equation for R v assumes that recombination in males is negligible. The values of k and R v are usually unknown, and a range of reasonable numbers has to be assumed. The other two parameters, however, can be estimated from the data as follows:
where M o is the migration rate of the reference locus (located in a region of high recombination), which is estimated for the l subpopulations of interest (l Յ k) based on Wright's classical result (31) for the infinite island model, and v and o are the arithmetic means of the per-site nucleotide diversities in these subpopulations at the locus under consideration and at the reference locus, respectively. L v is the number of silent sites at the locus of interest. Eq. 1 assumes that the nucleotide mutation rates of the locus of interest and of the reference locus are identical. Each simulation run considers k subpopulations, and F ST is estimated for a subset of l subpopulations (l Յ k). We used the same coalescent simulation method as Hudson et al. (30) and ran a modified version of their code, kindly provided by R. R. Hudson (University of California, Irvine, CA). Repeating this procedure generates a probability density of F ST values. The P-value of the observed F ST then is estimated as the proportion of runs that produced an F ST value less than or equal the observed one. A small P-value (Յ 0.05) means that the frequencies of DNA polymorphisms among the l subpopulations are more homogeneous than what would be predicted by the background selection hypothesis in conjunction with the finite island model for the given parameter values. segment was sequenced in one line (PAL) of D. pallidosa (Fig.  1) . Polymorphism in D. ananassae was assessed based on 1,543 silent sites, and divergence was estimated from 1,735 silent sites. The results are presented in Table 1 . A total of 73 silent segregating sites and two replacement polymorphisms were detected. The estimates of average nucleotide diversity, and , in the two northern populations (Burma and Nepal) are around 1% and thus approximately twice as large as those of the more southern populations from India and Sri Lanka. These results are comparable to previous RFLP studies on Om(1D) and forked (2, 24) ; as Om(1D), forked is located on the X chromosome in a region of intermediate to high recombination. Furthermore, and are comparable within each of the four samples. This results in values of Tajima's D statistic (32) that are close to zero, suggesting that at Om(1D) each population is in (or near) neutral equilibrium. Similarly, the Fu-Li test (33) did not indicate a departure from neutrality (results not shown). Thus, the pattern of sequence variation found at Om(1D) confirms our previous RFLP studies. The differences in levels of average diversity between northern and southern populations is consistent with the interpretation that the northern populations are closer to the geographic species center (2) . DNA Polymorphism at vermilion. A region of 3.6 kb encompassing the v gene was sequenced in a ca;px strain of D. ananassae (STD) (2) and one line of D. pallidosa (PAL) (Fig.  1) . Polymorphism in the four natural D. ananassae populations was assessed by SSCP and stratified sequencing (see Materials and Methods). Seven segregating sites were detected at 2,549 silent sites surveyed ( Table 1 ). The estimates of nucleotide diversity, and , in the two northern populations (Burma and Nepal) are 0.0003 and 0.0004, respectively, and are by a factor 25 lower than those at Om(1D). Furthermore, in contrast to Om(1D), they are slightly lower than those of the two southern populations from India and Sri Lanka. The values of Tajima's D statistic in the samples from Burma, Nepal, and India (but not Sri Lanka) are quite negative, reflecting the fact that most of the segregating sites are singletons (i.e., occur only once in the sample); however, these D values do not deviate significantly from zero. We also measured the extent of genetic differentiation by estimating F ST for all pairs of populations ( Table 2) . For both loci, the populations from Burma and Nepal and from India and Sri Lanka showed the least amount of differentiation. This suggests that polymorphism frequencies among the two northern populations and among the two southern ones are the most homogeneous. Between northern and southern populations, however, genetic differentiation is large, in particular at v. This latter result is consistent with our previous RFLP study, which also showed that the Indian and Burmese populations are genetically more different at v (and furrowed) than at Om(1D) (and forked) (17, 37) . However, this does not mean that differentiation (as measured by F ST ) is generally stronger in regions of reduced recombination. For instance, the {Burma, Nepal} pair produced a much lower F ST value at v than at Om(1D), suggesting that the two northern populations are genetically more homogeneous at v than at Om(1D).
Test of the Background Selection Model. Background selection against deleterious alleles is expected to increase F ST in regions of reduced recombination (16) . This prediction can be tested by generating the probability density of F ST values for a finite island model with k demes, a given migration rate M v ϭ N ev m, a given mutation rate per locus v ϭ 3N ev , and a given recombination rate per locus R v ϭ 2N ev r. N ev is the effective (local) population size for the gene region under consideration (i.e., v). We chose a range of reasonable values for the unknown parameters k and R v ; M v and v were estimated from the data according to Eqs. 1 and 2, respectively, and l ϭ 2. The results are presented in Table 3 . For all combinations of k and R v values used in the simulations, the {Burma, Nepal} subsample produced the lowest probabilities (P Յ 0.003). This suggests that the F ST value observed for these two northern subpopulations is not compatible with those predicted by the background selection model for the specified migration and mutation parameters. For the two southern subpopulations we found P Յ 0.01. Relatively low values also were obtained for the subpopulations from Burma and Sri Lanka and from Nepal and Sri Lanka. The other P-values are higher.
We also studied by simulation how the P-value of the observed F ST is affected by the various model parameters. The number of demes, k, has only minor impact (Table 3) even when k is increased to 1,000 (results not shown). Increasing recombination rate produces lower P-values and thus makes the test more conservative (Table 3 ). This trend continues to hold when R v is raised to 1 or 10 (results not shown). The only parameter to which the model is sensitive is the migration rate. An analysis of the effect of migration is important because the estimate of the migration rate (Eq. 1) assumes that the neutral mutation rates in the two loci compared are identical, which may not be the case for v and Om(1D) indicated by the difference in their rates of divergence. Furthermore, although sequencing did not reveal any polymorphism that was not scored by SSCP, a small percentage of (rare) variants may be undetected (28) . If so, migration rate M v inferred from the data would be an underestimate (see Eq. 1). For these reasons, we varied M v and provide in Table 4 for each parameter set k, R v , and v a critical value, M vu , of the migration rate above which background selection is no longer rejected (i.e., the rate for which P ϭ 0.05 for given values of k, R v , and v ). We note that for the {Burma, Nepal} subsample the estimated migration rate M v is more than 20 times lower than its critical value. This strongly suggests that our analysis of the data from these two northern populations (Table 3) is robust. For the {India, Sri Lanka} pair, the estimated migration rate is less than the The first two columns show the pair of populations compared by the test of Hudson et al. (36) . The third and fourth columns give the results of these tests for Om(1D), where the numbers in the third column are the P-values of the observed KST. The FST values (in column 4) have been estimated by using the method of Hudson et al. (30) . The remaining columns contain the results for v. Columns 3-6 contain the probabilities of obtaining the observed FST for the given values of the parameters k and Rv for the migration and mutation rates estimated from Eqs. 1 and 2, respectively. The estimates of the migration rate are given in Table 4 . critical value by a factor 5, which is relatively robust. For the other pairs, however, the results are not as robust.
DISCUSSION
Overview. We measured levels of DNA polymorphism in two gene regions on the X chromosome in four D. ananassae populations by using SSCP and DNA sequencing. One gene is located in a region of low recombination near the centromere (v), the other one in a region of normal to high recombination [Om(1D)]. One population sample was from Burma, the other three were collected on the Indian subcontinent: Nepal in the north, Hyderabad in middle India, and Sri Lanka in the south. In addition, we determined the DNA sequences of v and part of Om(1D) in the sibling species D. pallidosa and measured divergence between D. ananassae and D. pallidosa. This study was designed to analyze the differential migration behavior of low-and high-recombination genes in a substructured species and to infer from this behavior the effect of natural selection on genetic variation and differentiation.
The level of average nucleotide diversity at Om(1D) is around 0.01 in the two northern populations from Burma and Nepal, and lower by a factor of about 2 in the two southern ones from India and Sri Lanka. These values are comparable with estimates obtained from RFLP analysis for Om(1D) (24) and forked (2) , which maps to the same polytene band as Om(1D). At v, however, average nucleotide diversity ranges from 0.0003 to 0.0006. Thus, levels of variation at the lowrecombination locus are much lower than at the high- Table 1 for v led us to conclude that this locus deviates from neutrality whereas Om(1D) does not.
Tests for detecting genetic differentiation between pairs of populations revealed that all four populations are genetically distinct at the Om(1D) locus. At v, by contrast, we found that the two northern populations were not significantly different, and the same was the case for the two southern ones. Genetic differentiation (measured by F ST ) between northern and southern populations, however, was generally stronger at v. Strong differentiation between the Indian and Burmese pair of populations at v, and even more so at furrowed, another locus near the centromere of the X chromosome, also was observed in a previous RFLP study (17, 37) .
Distinguishing Among Selection Hypotheses. Several alternatives to the constant-rate, neutral model, which we rejected for the v data, have been proposed: (i) the hitchhiking model that considers the effect of rare, strongly advantageous mutations on linked, neutral polymorphisms (8-10), (ii) the background selection model that assumes that the driving mutations are frequent, nearly recessive, and strongly deleterious (11-13), and (iii) ''intermediate'' models that assume intermediately strong fluctuating or directional selection pressures at linked loci (14, 15) . All three models predict a reduction of variability within subpopulations. Our observation of low levels of variation within each subpopulation is in qualitative agreement with this prediction and therefore can not be used as a criterion for distinguishing these models.
Polymorphism data from different populations of a geographically structured species offered a unique approach to distinguishing among the above models. The background selection model predicts increased F ST values in regions of reduced recombination (16) . We have shown that this property can be tested because the genealogical structure of the background selection model is similar to that of the neutral model. Background selection could be ruled out as an explanation for the observed pattern of differentiation at v between the two northern populations. These two populations showed very little genetic differences at v, whereas at Om(1D) the differences between pairs of subpopulations are larger and more uniform (among all pairs).
Our results are robust in several respects. First, our assumption of low levels of recombination is conservative. Tables 3  and 4 indicate higher rates of rejection of the background selection model with increasing levels of recombination. Second, even if there were polymorphisms undetected by SSCP (for which there is no evidence), this would not affect our results much as the background selection model is rejected for the two northern populations for a wide range of migration rates (Table 4) . Third, assessment of population differentiation using absolute levels of divergence as an alternative to F ST (38) shows that (absolute) divergence at v between the two northern populations is more than 100 times lower than at Om(1D), which is consistent with our results.
Can the pattern of variation at v in the two northern populations be explained by genetic hitchhiking or by the models with intermediate selection coefficients? One aspect of the data seems to indicate a relatively recent selective sweep that is limited to the northern species range (including Burma and Nepal). During this process the haplotype identical to STD appears to have increased in frequency. This is suggested by the pattern of variation at nucleotide position 849, as the ancestral haplotype is likely to carry C at this site (see D. pallidosa sequence), whereas the new haplotype has a T (Fig.  1) . However, another aspect of the data provides evidence that the hitchhiking event in the two northern populations is not caused by strong directional selection as described by the first model. All polymorphisms in the two northern populations are in relatively low frequency, resulting in D values of Ϫ0.83 and Ϫ0.94 for Nepal and Burma, respectively (Table 1) , but these D values do not significantly deviate from zero. Braverman et al. (39) suggest that the observed Tajima's Ds were unlikely under the hitchhiking model for the cases they examined, but the test is often said to have low power (e.g., ref. 40) .
The alternative hypothesis is that the homogeneity in the northern populations may be resulting from a hitchhiking event caused by relatively weak directional selection. Because the allele (STD) that has risen in frequency in the northern populations also is found in the southern localities, this sweep Column 3 contains the estimated migration rates used in the simulations (Table 3) . The critical migration rates (for the given values of the parameters k and Rv) are in columns 4-7.
Evolution: Stephan et al.
Proc. Natl. Acad. Sci. USA 95 (1998) still may be going on and be slowly spreading from the northern to the southern species range. Evidence for the slow dynamics of this process is that at least one recombination event (between coordinates 837 and 849) in the Indian population involving the STD haplotype can be inferred from the data (Fig. 1) . This latter scenario would be more in line with the models of the third category that predict negative D values in an intermediate range (14) . Our observation of sequence homogeneity in a region of low recombination among geographically differentiated populations may extend to the species level if subpopulations go on to become separate species and divergence occurred very recently. For instance, among the simulans complex species, D. simulans, D. mauritiana, and D. sechellia, the low-recombination loci asense and ci D show less divergence than zeste, per, and yp2, which are located in regions of intermediate recombination (41) . This pattern was interpreted as the result of a sweep that has occurred among these forms even after divergence into separate species had begun (41) .
